Identification and characterization of functional molecular targets conferring stemness properties in hepatocellular carcinoma (HCC) offers crucial insights to overcome the major hurdles of tumor recurrence, metastasis and chemoresistance in clinical management. In the current study, we investigated the significance of Cripto-1 in contributing to HCC stemness. Cripto-1 was upregulated in the sorafenib-resistant clones derived from HCC cell lines and patient-derived xenograft that we previously developed, suggesting an association between Cripto-1 and stemness. By in vitro experiments, Cripto-1 fostered cell proliferation, migration, and invasion. It also enhanced self-renewal ability and conferred chemoresistance of HCC cells. Consistently, silencing of Cripto-1 suppressed in vivo tumorigenicity on serial transplantation. On the downstream signaling mechanism, expression of major components of Wnt/β-catenin pathway β-catenin, AXIN2, and C-MYC, accompanied by β-catenin activity was reduced upon Cripto-1 knockdown. The suppressive effects on stemness properties with Cripto-1 knockdown in vitro and in vivo were partially rescued by forced expression of constitutively active β-catenin. Further elucidation revealed the binding of Cripto-1 to Frizzled-7 (FZD7), low-density lipoprotein receptor-related protein 6 (LRP6) and Dishevelled-3 (DVL3) of the Wnt/β-catenin pathway and stabilized DVL3 protein. Analyses with clinical samples validated Cripto-1 overexpression in HCC tissues, as well as a positive correlation between Cripto-1 and AXIN2 expressions. High Cripto-1 level in tumor was associated with poorer disease-free survival of HCC patients. Taken together, Cripto-1 binds to FZD7/LRP6 and DVL3, stabilizes DVL3 expression and activates the Wnt/β-catenin signaling cascade to confer stemness in HCC. Our study findings substantiated the role of Cripto-1 in determining stemness phenotypes of HCC and mechanistically in modulating the Wnt/β-catenin signaling cascade, one of the most frequently deregulated pathways in liver cancer.
Introduction
Limitations of current treatment modalities for hepatocellular carcinoma (HCC) necessitate further dissection of the molecular pathogenesis of this biologically aggressive cancer. The concepts of intra-tumoral heterogeneity and cancer stem cell (CSC)/tumor-initiating cells (T-IC) have been attracting substantial attention in basic and clinical research of HCC. Stemness properties are largely responsible for tumor recurrence, metastasis, and chemoresistance [1, 2] , which are the major hurdles for treatment, and from another point of view the Achilles heels of HCC. Therefore identification and characterization of molecular targets endowing stemness phenotypes in HCC carry significant clinical implications [3] [4] [5] .
The canonical Wnt pathway is one of the most frequently deregulated pathways in HCC [6] . Activation of the pathway leads to stabilization and nuclear translocation of Edited by Y Shi β-catenin and eventually transcriptional upregulation of target genes. β-catenin mutation is a major but not the exclusive mechanism for signaling activation [7, 8] . Other mechanisms are in place to account for the pathway activation in a proportion of HCCs. Thus the multi-level regulation and potential crosstalk related to β-catenin activation are integral parts for elucidating the molecular pathogenesis of this cancer. Notably, the Wnt/β-catenin pathway is heavily implicated in liver CSC properties [9, 10] . In this regard, our previous studies had characterized some key intrinsic molecules and modulators of this pathway in HCC including Prickle-1 [11] , Dickkopf-1 (DKK1) [12] , low-density lipoprotein receptor-related protein 6 (LRP6) [13] , and recently Sox9 [14] .
Human Cripto-1 is the founding member of the epidermal growth factor (EGF)-Cripto-1/Fibroblast Growth factor related ligand (FRL1)/Criptic (EGF-CFC) family. The family is characterized by a signal sequence, EGF-like domain, a cysteine-rich CFC motif and a short hydrophobic COOH-terminus which serves for glycosylphosphatidylinositol (GPI) cleavage and attachment [15, 16] . It has been mapped to chromosome 3p21, which comprises 6 exons spanning 4.8 kb, and encodes a 188-amino acid protein [17] . Cripto-1 is identified to exert essential biological functions during embryogenesis. It is indispensable in coordinating primitive streak formation, mesoderm and endoderm specification as well as anterior and posterior (A/P) axis orientation [18, 19] . Cripto-1 is not detected in normal adult tissues and re-expression of Cripto-1 was observed in cancers [20] [21] [22] [23] [24] [25] . The association between Cripto-1 overexpression and aggressive clinicopathological features together with findings from in vitro experiments portray the oncogenic role of Cripto-1 [23, 26] . In the liver, the expression of Cripto-1 in HCC clinical samples was reported in one study [27] . High cytoplasmic expression was detected in 50% HCC tissues and correlated with larger tumor size, higher tumor stage, and poorer survival [27] . These findings suggest that Cripto-1 may as well promote carcinogenesis of HCC. Yet despite the above, the functional roles of Cripto-1 in HCC have not been fully characterized in vitro and in vivo. In particular, whether Cripto-1 regulates stemness in HCC and the molecular mechanisms remain poorly understood.
In this report, we provide evidence that Cripto-1 is a key contributor to HCC stemness through regulation of canonical Wnt signaling. By means of a series of functional assays, Cripto-1 was demonstrated to enhance self-renewal, chemoresistance, tumorigenicity and metastatic potential of HCC. Mechanistically, Cripto-1 acts as a binding partner of intrinsic components in the pathway and a modulator of DVL3 expression through post-translational mechanism.
Results

Cripto-1 expression is associated with stemness in HCC
In our previous study, we developed sorafenib-resistant HCC cells both in vitro and in vivo via continuous exposure to sorafenib. The sorafenib-resistant clones demonstrated enhanced T-IC properties on functional characterization and enriched expression of CSC marker CD47 [28] . By examining the mRNA levels in the sorafenib-resistant HCC cells Huh7 and BEL-7402 as well as patient-derived tumor xenograft (PDTX) [28] , Cripto-1 expression was found to be consistently upregulated as compared with control by 6.28 folds, 6.01 folds, and 2.83 folds, respectively (Fig. 1a) . This prompted us to speculate that Cripto-1 could possibly be associated with stemness features in HCC. To gain further insights on this point, we employed a lentiviral-based short-hairpin (sh) knockdown approach to suppress Cripto-1 expression in Huh7 and PLC/PRF/5 HCC cells. A stable overexpression clone of Cripto-1 was also established in Hep3B cell line, which showed relatively low endogenous expression (Fig. 1b) . Upon silencing of Cripto-1, we observed a downregulation of well-characterized stemness markers including BMI-1, CD24, CD133, NANOG, NOTCH1, OCT4, SOX2 and chemoresistance-related genes ABCB1, ABCG2, ABCC6 when compared with non-target control (NTC) (Fig. 1c) .
Cripto-1 determines cancer properties and selfrenewal ability of HCC We then proceeded to perform in vitro functional assays to interrogate the effects of Cripto-1 manipulation in HCC cells. Cell proliferation (Fig. 2a) , migratory (Fig. 2b) , and invasive ( Fig. 2c) abilities of HCC cells were inhibited upon Cripto-1 knockdown. The self-renewal ability was tested by tumorsphere formation assay. Silencing of Cripto-1 in Huh7 and PLC/PRF/5 cell lines decreased the number and size of tumorspheres in both primary and secondary generations, whereas forced expression of Cripto-1 in Hep3B enhanced self-renewal of HCC (Fig. 2d) .
Cripto-1 confers resistance to sorafenib and cisplatin in HCC cells
Chemoresistance is a key feature of cancer stemness. Hence, we examined the effect on chemosensitivity of HCC cells upon altered expression of Cripto-1. By means of Annexin V apoptosis assay, silencing of Cripto-1 increased the proportion of HCC cells in apoptotic phase upon treatment with sorafenib (Fig. 3a) or cisplatin (Fig. 3b) , in other words sensitized HCC cells to these chemotherapeutic agents. Force-expression of Cripto-1, in contrary, increased the chemoresistance of HCC cells. Intriguingly, knockdown of Cripto-1 in sorafenib-resistant BEL-7402 cells enhanced cell apoptosis and sensitivity towards sorafenib (Fig. 3c) .
Cripto-1 enhances in vivo tumorigenicity
The regulatory role of Cripto-1 in tumor growth and stemness properties of HCC was further investigated in a Fig. 1 Cripto-1 expression is associated with stemness in HCC. a Cripto-1 mRNA expression was upregulated in sorafenib-resistant Huh7, BEL-7402 cell lines and PDTX model (Huh7: n = 3; BEL-7402: n = 5; PDTX: n = 3). b Stable knockdown (Huh7 and PLC/ PRF/5) and overexpression (Hep3B) clones of Cripto-1 were established. Alterations of Cripto-1 level were validated using western blotting. Non-target control (NTC) and empty vector control (EV) served as controls for knockdown (KD) and overexpression (OE) systems, respectively. c Knockdown of Cripto-1 (shCripto-1#93) in Huh7 and PLC/PRF/5 downregulated the expression of chemoresistance-related and stemness genes (Huh7: n = 3; PLC/PRF/ 5: n = 4) *p < 0.05, **p < 0.01 and ***p < 0.001, t-test. Data presented as mean ± SD biological environment using in vivo mouse model. By means of subcutaneous inoculation in NOD/SCID mice and a limiting dilution approach with 500 and 1000 cells, knockdown of Cripto-1 in Huh7 suppressed in vivo tumorigenicity, as evidenced by reduced tumor mass (Fig. 4a) , decreased tumor incidence (500 cells-NTC: 8/9 versus shCripto-1: 2/9; 1000 cells-NTC: 8/8 versus shCripto-1: 2/8 and 1/8) and prolonged latency period (500 cells-NTC: 73.5 days versus shCripto-1: 80 days and 82 days; 1000 cells-NTC: 52 days versus shCripto-1: 61.5 days and 63 days). The effects on tumorigenicity in terms of these parameters were propagated in the secondary inoculation upon serial transplantation (tumor incidence-NTC: 10/10 versus shCripto-1: 2/10; latency period-NTC: 20.6 days versus shCripto-1: 36 days and 35 days). Estimated tumor initiating frequency was reduced from 1/213 to 1/2731 and 1/3822 after silencing of Cripto-1 in primary generation, whereas it was further diminished from 1/1 to 1/ 4481 in secondary generation (Fig. 4b) .
Cripto-1 regulates stemness properties in HCC via Wnt/β-catenin signaling
To delineate the molecular mechanism mediating the effect of Cripto-1 in HCC, we examined the expression of key molecular targets of the Wnt/β-catenin pathway upon manipulated Cripto-1 expression. Consistently in both Huh7 and PLC/PRF/5 cell lines, knockdown of Cripto-1 downregulated β-catenin expression in total cell lysate and the nuclear fraction. On the contrary, forced expression of Cripto-1 enhanced β-catenin expression ( Fig. 5a and Supplementary Figure S1A ). These were accompanied by corresponding alterations in Wnt/β-catenin activity measured by TOP/FOPFlash reporter assay ( Fig. 5b and Supplementary Figure S1B ) and expression levels of β-catenin downstream targets AXIN2 and C-MYC ( Fig. 5c and Supplementary Figure S1C ). To ascertain that the stemness properties endowed by Cripto-1 were mediated through Wnt/β-catenin signaling, we carried out rescue experiments through stable expression of constitutively active β-catenin (Plasmid 16520, Addgene, Cambridge, MA, USA) in Cripto-1 silenced HCC cells. Stable expression of β-catenin was confirmed by western blotting. The suppression in signaling activation with Cripto-1 knockdown was abrogated by enforcement of β-catenin ( Fig. 5d and Supplementary Figure S1D ). In addition, the functional effects on in vitro self-renewal ( Fig. 5e and Supplementary Figure S1E ) and in vivo tumorigenicity upon silencing of Cripto-1 were partially rescued by forced expression of β-catenin ( Fig. 5f ).
Cripto-1 binds to FZD7/LRP6 and DVL3 and attenuates DVL3 protein degradation
The above findings led us to further investigate how exactly Cripto-1 participates in the Wnt/β-catenin signaling cascade. To this end, we explored the potential direct target or interacting partner of Cripto-1. With western blotting, we found that Cripto-1 positively regulated the expression of DVL3, a modulator of the β-catenin degradation complex (Fig. 6a) ; while it did not significantly alter the DVL3 mRNA level (Supplementary Figure S2) . In view of this we first examined whether there is any binding relationship between the two. Results from co-immunoprecipitation (Co-IP) experiments showed that Cripto-1 bound to DVL3 in both HEK293 cells with Cripto-1 transient expression and parental Huh7 cells (Fig. 6b ), which showed a relatively high endogenous Cripto-1 level among HCC cell lines. Next, we studied the possibility of other binding partners for Cripto-1. Previous studies have shown that DVL3 physically associates with FZD receptors [29] . Thus, we speculated that Cripto-1 might also interact with the FZD receptors. FZD7 is a well-characterized member among the FZD receptor family in hepatocarcinogenesis [30] [31] [32] . We then proceeded to Co-IP assays similarly and interestingly, a binding interaction between Cripto-1 and FZD7 was also observed (Fig. 6c) . Similarly a protein-protein physical interaction was also detected between Cripto-1 and LRP6, the latter of which is known to physically associates with FZD receptors (Supplementary Figure S3) . Taking a step further, we interrogated the mechanism through which Cripto-1 increase the protein expression of DVL3. By cycloheximide chase assay, we observed a slower rate of DVL3 protein degradation upon Cripto-1 overexpression when compared with the EV control. Overexpression of Cripto-1 enhanced the half-life of DVL3 from 3 hours to >8 hours (Fig. 6d) . The above findings suggest that Cripto-1 binds to DVL3 and FZD7/LRP6, and such interaction upregulates DVL3 expression through protein stabilization and activates Wnt/β-catenin signaling.
Cripto-1 level in clinical samples is correlated with prognosis of HCC patients
Lastly, we performed some expression analyses with HCC clinical samples. From both our in-house RNA sequencing dataset (available in Sequence Read Archive of National Center for Biotechnology Information with the accession number SRP062885) and the TCGA database, Cripto-1 was significantly upregulated in HCC tumor tissues when Fig. 2 Cripto-1 determines cancer properties and self-renewal ability of HCC. a Silencing of Cripto-1 inhibited cell proliferation in both Huh7 and PLC/PRF/5 cells (n = 3). Knockdown of Cripto-1 suppressed b migratory ability and c invasiveness of HCC cells (migration: n = 3; invasion: Huh7 n = 3; PLC/PRF/5 n = 4). d Silencing of Cripto-1 reduced the number and size of the tumorspheres in primary and secondary generations when comparing with non-target control (NTC) group in both Huh7 and PLC/PRF/5, whereas Cripto-1-overexpressing Hep3B cells enhanced the self-renewal ability (Huh7: n = 3; PLC/PRF/5: n = 4; Hep3B: n = 5; Scale bar: 50 μm). */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001, t-test. Data presented as mean ± SD Fig. 3 Cripto-1 confers chemoresistance to sorafenib and cisplatin in HCC cells. Knockdown of Cripto-1 increased the proportion of HCC cells in the apoptotic phase when treated with a sorafenib and b cisplatin. Cripto-1-overexpressing cells were more resistant to both chemotherapeutic agents when compared with empty vector (EV) control. c Suppression of Cripto-1 in sorafenib-resistant BEL-7402 cells enhanced chemosensitivity to sorafenib. Representative Annexin V-PI flow analysis plots of each treatment were shown (sorafenib treatment: n = 3-5; cisplatin treatment: n = 3-4) *p < 0.05, **p < 0.01, t-test). Data presented as mean ± SD (Primary n = 8-9, Secondary n = 10, *p < 0.05, **p < 0.01, and ***p < 0.001, Mann-Whitney's U-test; Scale bar: 1 cm). b Silencing of Cripto-1 reduced tumor incidence and prolonged tumor latency period. Latency was presented as mean ± SD. The suppression of Cripto-1 diminished the tumor initiating frequency in both primary and secondary generations when compared with the respective NTC groups compared with the corresponding non-tumoral liver tissues (Fig. 7a) . We then carried out qRT-PCR analysis in an independent cohort of 77 HCC clinical samples and confirmed the overexpression of Cripto-1 in HCC. 44 (57.1%) cases showed Cripto-1 upregulation (tumor/nontumor ≥ 2 folds) (Fig. 7b) . Cripto-1 overexpression in HCC was also detected by immunohistochemical staining (Fig. 7c ). Higher Cripto-1 expression was associated with poorer disease-free survival of HCC patients at 5 years (p = 0.042) and 10 years (p = 0.015). (Fig. 7c) . Moreover, the expression levels of Cripto-1 and AXIN2 were positively correlated in both our clinical cohort (p = 0.007) and the TCGA database (p = 0.021) (Fig. 7d) . Immunohistochemical expression in tissues from the normal livers (n = 4), livers with chronic hepatitis (n = 32), cirrhotic livers (n = 41), and liver dysplastic nodules (n = 14) were also analyzed. There was minimal Cripto-1 expression in normal livers, chronic hepatitis or cirrhotic livers, while 7 (50%) dysplastic nodules showed focal Cripto-1 expression (Supplementary Figure S4 ). To interrogate the regulatory mechanism for Cripto-1 expression in HCC, we first treated Hep3B cells, which have low endogenous Cripto-1 expression, with demethylating agent 5-aza-2′-deoxycytidine (5-Aza) and examined the change in Cripto-1 expression. Treatment with 5-Aza significantly restored Cripto-1 mRNA level. Further analysis from the TCGA database revealed a negative correlation between the DNA methylation status of Cripto-1 and Cripto-1 expression in HCC (Fig. 7e) .
Discussion
In the current study, by means of functional assays and expression analyses we unraveled the regulatory role of Cripto-1 on stemness phenotypes in HCC. We delineated that Cripto-1 mediates HCC stemness through canonical Wnt signaling via binding with FZD7/LRP6 and DVL3 and modulation of DVL3 level (Supplementary Figure S5) . Our findings add a new layer of knowledge on key molecular targets driving HCC stemness and the mechanistic events leading to activation of Wnt/β-catenin pathway in HCC. A recent report by Florenzano et al. described Cripto-1 as an epiblast marker which is deterministic for maintaining pluripotent states. The authors showed that Cripto-1 sustains self-renewal ability of mouse embryonic stem cell (ESC) through Wnt/β-catenin signaling [33] . The findings of our current study probably indicate that re-expression of Cripto-1 in liver cancer recapitulates the functions and signaling mechanism of embryonic processes.
For cancers, studies using murine cell lines also provided a clue on the link between Cripto-1 and canonical Wnt pathway [34] , and a recent report illustrated this association in human prostate cancer by expression correlations [35] . Interestingly, in other reports Cripto-1 was shown to take part in stem cell maintenance and pluripotency regulation in embryonal carcinoma, colorectal and esophageal cancers [36] [37] [38] . In these cancer models, the stemness properties were demonstrated by functional characterization in vitro and in vivo. Yet, only the study on colorectal cancer delineated the downstream molecular mechanism, which focused on the Src/Akt pathway [37] . Our experimental results provide solid comprehensive evidence on the characterization of Cripto-1 in HCC stemness including its critical role in the modulation of Wnt/β-catenin signaling in human cancer models. Although Cripto-1 was found to be a direct downstream target of β-catenin in one report in which Cripto-1 expression was examined at transcript level [39] , upon forced expression of β-catenin we did not observe increased protein expression of Cripto-1 in our system using Huh7 cell line (Supplementary Figure S6) . FZD/LRP receptors together with DVL are intrinsic key players in the Wnt/β-catenin pathway. Studies have shown that alteration of these targets regulates the pathway activity in cancers including HCC [13, 31, 40] . Overexpression of these targets serves to activate Wnt/β-catenin signaling. Previously we identified Prickle-1 and Sox9 as upstream regulators of DVL3 and FZD7 respectively in HCC [11, 14] . In the current study, we found that Cripto-1 acts as a binding partner for both DVL3 and FZD7/LRP6 and a modulator of DVL3 expression through altering its protein stability. Given that DVL and FZD are known interacting partners in the pathway [29] , we postulate that Cripto-1 forms a functional complex with FZD7, LRP6, and DVL3 in HCC and potentially serves to facilitate the interaction among these targets. This finding provides novel insights to the molecular events in the activation of the canonical Wnt signaling cascade in liver cancer. Furthermore, it Fig. 5 Cripto-1 modulates stemness properties in HCC via regulation of Wnt/β-catenin signaling. a Silencing of Cripto-1 suppressed, whereas forced expression of Cripto-1 in Hep3B enhanced, the protein expression of total and nuclear β-catenin (C cytosol and N nucleus). b Knockdown of Cripto-1 suppressed the activity of Wnt/β-catenin signaling in Huh7. Forced expression of Cripto-1 enhanced the signal activation as measured by TOP/FOPFLASH luciferase assay (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001, t-test). c Silencing of Cripto-1 downregulated the transcript level of β-catenin downstream targets AXIN2 and C-MYC in Huh7 (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001, t-test). d Stable expression of β-catenin was enforced in shCripto-1 clones in Huh7 and the expression of β-catenin was confirmed by Western blotting. The suppression of Wnt/β-catenin signaling activity in shCripto-1 cells was partially nullified upon enforcement of active β-catenin when compared with empty vector (EV) group (n = 5, *p < 0.05, t-test). e The suppression of tumorsphere formation ability upon Cripto-1 knockdown in Huh7 was abrogated by enforcement of active β-catenin (primary and secondary generations n = 3, *p < 0.05, and **p < 0.01, t-test; Scale bar: 50 μm). Data presented as mean ± SD. f β-catenin stable expression or empty vector (EV) were enforced in both shCripto-1#93 and non-target control (NTC) Huh7 cells and subcutaneously inoculated with 1000 and 5000 cells in NOD/SCID mice. The effects on tumor growth, tumor incidence, and latency period conferred by Cripto-1 knockdown were partially rescued with expression of β-catenin. Latency was presented as mean ± SD. (n = 5-8, ns not significant, *p < 0.05 and **p < 0.01, Mann-Whitney's U-test; Scale bar: 1 cm)
substantiates the significance of Cripto-1 in governing Wnt/ β-catenin signal transduction through simultaneous interaction with multiple key molecules in the signaling cascade.
Apart from functioning in the Wnt/β-catenin signal transduction axis, Cripto-1 potentially serves as a link with other signaling pathways in HCC. An earlier study showed that NANOG regulated Cripto-1 expression and induced cell migration and invasion through epithelial-mesenchymal transition in HCC cell lines [41] . In this regard, several studies demonstrated the potential crosstalk between NANOG and the canonical Wnt pathway in different manners [42] [43] [44] . From our analysis of both in-house cohort and the TCGA database, the expression levels of Cripto-1 and NANOG in HCC clinical samples were not significantly correlated (Supplementary Figure S7) . Whether Cripto-1 and NANOG work together to regulate HCC stemness features and the detailed molecular mechanism is yet to be clarified.
With our clinical samples Cripto-1 level was associated with prognostic significance, a finding consistent with that from a previous study [27] . The focal expression in dysplastic nodules, a precursor lesion of HCC, suggested that Cripto-1 upregulation is involved in the multi-step hepatocarcinogenesis. Cripto-1 may also be a potential strategic target for sorafenib-resistant HCC. In addition, the significant role of Cripto-1 in the signal transduction of canonical Wnt pathway renders it an appealing therapeutic target. Exploration of the regulatory mechanism for Cripto-1 expression in HCC would be one of the future directions to enhance the translational value of our findings. In this regard, epigenetics is gaining importance as a common and potent regulatory mechanism of gene expression in HCC. Notably, the epigenetic makeup is an efficient machinery in governing transcription patterns to maintain cell state, manipulate cell plasticity and to orchestrate intratumoral heterogeneity [45, 46] . We observed a negative correlation between promoter DNA methylation level and Cripto-1 transcript level. DNA hypomethylation coupling with overexpression of gene targets has been observed in human cancers [47] [48] [49] . Our findings suggest that DNA hypomethylation is a possible mechanism contributing to Cripto-1 overexpression in HCC. As far as other epigenetic mechanisms are concerned, microRNAs (miR-15a-16 and miR-15b) were found to regulate Cripto-1 expression in brain tumor and lung cancer [26, 50] . In HCC, by means of two computational analysis programs TargetScan and miRANDA, we identified a list of miRNAs potentially regulating Cripto-1 expression. We further shortlisted the candidates to those at the same time being downregulated in HCC according to our database, and further to those being proven tumor suppressors in HCC [51] [52] [53] [54] [55] . By means of this algorithm, we identified Let-7, miR-26, miR-195, miR-424, and miR-422a as potential targets in HCC. Validation of these findings could possibly help to pave the knowledge platform for targeting Cripto-1 in HCC by various epigenetic approaches.
Materials and methods
Clinical samples
Human liver tissue samples were obtained from patients with liver resection at Queen Mary Hospital, Hong Kong. All specimens collected were either snap-frozen in liquid nitrogen and stored at −80°C, or fixed in 10% formalin for paraffin embedding. Frozen sections from tumorous and non-tumorous liver samples were cut and stained for histological examination to ensure homogenous cell population of tissues. Use of human specimens was approved by the institutional review board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster.
Cell line models
PLC/PRF/5 and Hep3B cell lines were purchased from American Type Culture Collection (Manassas, VA). Huh7 was obtained from Dr. H. Nakabayashi at Hokkaido University School of Medicine (Sapporo, Japan). HEK293 was purchased from Invitrogen. All cell lines were cultured at 37°C in a humidified incubator with 5% carbon dioxide (CO 2 ). The cell lines were authenticated by morphological observation and short tandem repeat-based assay with AuthentiFiler PCR amplification kit (ABI).
Immunohistochemistry (IHC) and assessment
Immunohistochemical staining for Cripto-1 was performed on formalin-fixed, paraffin-embedded sections of 4-μm thick using labeled horseradish peroxidase (HRP) method. After 15 min-heat antigen retrieval with Target Retrieval Fig. 6 Cripto-1 binds to DVL3 and FZD7 in the Wnt/β-catenin signaling cascade and modulates DVL3 expression. a Protein expression of DVL3 was downregulated upon Cripto-1 knockdown compared with the non-target control (NTC) in Huh7 and PLC/PRF/5. DVL3 expression was enhanced under forced expression of Cripto-1. b Cripto-1 was immunoprecipitated using anti-Cripto-1 antibody and the immunoprecipitated proteins were analyzed by western blotting (IB) with anti-DVL3 antibody. DVL3 was detected from the immunoprecipitated protein when compared with normal IgG control in both HEK293 with Cripto-1 transient expression and parental Huh7 cells, suggesting that Cripto-1 bound to DVL3. c FZD7 was immunoprecipitated using anti-FZD7 antibody. The immunoprecipitated proteins were analyzed with anti-DVL3 and Cripto-1 antibodies. Cripto-1 and DVL3 were detected when compared with normal IgG control in both HEK293 with Cripto-1 transient expression and parental Huh7 cells, showing a binding interaction between Cripto-1, FZD7, and DVL3. d With cyclohexamide treatment, the stability of DVL3 protein was enhanced upon overexpression of Cripto-1. The expression levels showed a time-dependent decrease in the EV control groups. The DVL3 protein level at each time point was quantified using ImageJ, and normalized with respective β-actin. The degradation curve was plotted as percentage relative to the expression level at 0 h of treatment. Representative dataset from three independent experiments was shown Solution (Dako, Glostrup, Denmark), endogenous peroxidase activities were quenched by 3% H 2 O 2 . The sections were immersed in serum free-protein block solution (Dako) and incubated with antibody against Cripto-1 (1:100, ab19917, Abcam, Cambridge) diluted in antibody diluent at 4°C overnight. The sections were then washed thoroughly and incubated with Envision TM HRP-conjugated secondary antibody (Dako). Positive signals were visualized using 3,3′-diaminobenzidine (Dako). Nuclei were counterstained with hematoxylin. Immunohistochemical staining was assessed by a histopathologist (RCL) using a semiquantitative method. Cytoplasmic expression in tumor tissue was graded as low for 0-33% staining and high for >33% staining, respectively.
Preparation of protein extracts and western blot analyses
Whole cell lysates were extracted using RIPA buffer supplemented with protease inhibitor cocktail. Protein lysate were separated by SDS-polyacrylaminde gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membrane (Millipore, MA, USA) for western blotting analyses. Primary antibodies against Cripto-1 (1:1000, ab108391, Abcam), total β-catenin (1:2500, 610153, BD Transduction Laboratories, San Jose, CA), Dishevelled-3 (DVL3) (1:1000, sc-8027, Santa Cruz Biotechnology), Frizzled-7 (FZD7) (1:1000, ab51049, Abcam), LRP6 (1:1000, #2560, Cell Signaling) and β-actin (1:80,000, A5316, Sigma-Aldrich, St. Louis, MO, USA) were incubated at 4°C overnight. HRPconjugated antirabbit or antimouse IgG were used as secondary antibodies at 1:5000 where appropriate (Santa Cruz Biotechnology, Texas, USA). The signals were visualized using the enhanced chemiluminescence method.
Cripto-1 knockdown and overexpressing HCC cells
Short-hairpin RNAs (shRNAs) targeting Critpo-1 (shCripto-1) were ordered from Sigma-Aldrich (Mission® shRNA bacterial glycerol stock). The clone IDs were TRCN0000004890 (shCripto-1#90) and TRCN0000004893 (shCripto-1#93). To package the virus, 293FT cells were seeded 24 h prior to transfection. Either shCripto-1 or nontarget control (NTC) plasmid were co-transfected with packaging plasmid mix (System Biosciences, Mountain View, CA) using Lipofectamine® 2000 (Invitrogen, Thermo Fisher Scientific, MA, USA). The viral supernatant was collected and used to infect Huh7 and PLC/PRF/5 in polybrene (Sigma-Aldrich) supplemented media. The infected cells were selected with gradient concentration of puromycin (Sigma-Aldrich). The success of silencing of Cripto-1 in HCC cells was confirmed using western blotting. For overexpression study, Cripto-1 coding region was amplified with primers indicated at Supplementary Table S1 and was cloned into pcDNA3.1 (Cripto-1-OE) (Invitrogen). Either Cripto-1-OE or empty vector (EV) was transfected into Hep3B using Lipofectamine® 2000. Empty vector and stable Cripto-1 expressing clones were established with G418 selection.
Cell proliferation assay
Proliferation of Cripto-1 knockdown cells was determined using cell counting method. Total number of cells was counted in triplicates each day for six days using trypan blue exclusion method.
Cell migration and matrigel invasion transwell assays
Migration assays were performed using polycarbonate membrane transwell inserts with pore size of 8.0 μm (Millpore). Invasion assays were performed using Matrigel (BD Biosciences, San Jose, CA) coated transwell inserts. Cells in serum-free medium were seeded in upper chamber with the lower chamber supplemented with medium supplemented with 10% FBS as chemoattractant. Cells were incubated in humidified incubator at 37°C for 24 h. The transwell membranes were fixed with methanol and stained with 1% crystal violet. The membranes were cleaned, airdried, mounted on slides, and documented. The number of cells migrated or invaded was counted in five random fields.
Tumorsphere formation assay
Five hundred Huh7 or 300 PLC/PRF/5 cells were seeded to 24-well plates coated with polyHEMA (Sigma Aldrich). Cells were grown in DMEM/F12 medium (Invitrogen) for 10 day supplemented with 4 μg/mL insulin (SigmaAldrich), B27 (Invitrogen), 20 ng/mL EGF (SigmaAldrich), and 20 ng/mL basic FGF (Invitrogen). The medium was supplemented with 0.25% methylcellulose (Sigma- Fig. 7 Cripto-1 levels in HCC clinical samples carry prognostic significance and are correlated with AXIN2 expressions. a Cripto-1 was significantly upregulated in HCC tumor tissues (T) versus the corresponding non-tumorous liver tissues (NT) from both in-house RNA sequencing dataset (n = 16) and the TCGA database (n = 50). b Cripto-1 level was significantly upregulated in HCC tumor (T) versus non-tumorous liver (NT) tissues by qRT-PCR (n = 77, **p < 0.01, Wilcoxon signed-rank test). Cripto-1 upregulation was identified in 57.1% (44/77) of the primary HCC cohort. Data presented as log 2 ratio of Cripto-1 mRNA level in HCC tissues as compared to NT. Upregulation was defined as log 2 (T/NT) ≥1. c Cripto-1 protein level was overexpressed in HCC by immunohistochemical staining (IHC). Representative images were shown. High Cripto-1 immunoexpression was associated with poorer 5-year (p = 0.042) and 10-year (p = 0.015) disease-free survival of HCC patients (log-rank test). 
RNA extraction and quantitative reversetranscription polymerase chain reaction (qRT-PCR)
Total RNA was extracted using Trizol reagent (Invitrogen) according to manufacturer's protocol. One microgram of RNA was used for cDNA synthesis using GeneAmp RNA PCR Kit (Applied Biosystems, Thermo Fisher Scientific). Expression of Cripto-1 of clinical samples was examined using TaqMan® Assay target probes (Assay ID: Hs02339499_g1) and TaqMan® Universal PCR Master Mix, normalized using 18s rRNA. Expression of chemoresistance-associated genes, stemness genes and β-catenin downstream targets were examined by Power SYBR® Green PCR Master Mix (Applied Biosystems) with Applied Biosystems 7900HT fast real-time PCR System (Supplementary Table S2 ). Relative expression differences were calculated using 2 −ΔΔCT method with reference to 18s rRNA.
Annexin V-apoptosis assay
Annexin V apoptosis assays were performed using Annexin V-FITC reagent (BD Pharmingen™) and propidium iodide (PI) according to manufacturer's protocol. The stained cells were resuspended in binding buffer and subjected to analyses using FACSCalibur flow cytometer and CellQuest software (BD BioSciences).
β-catenin TCF binding assay β-catenin activity was examined using luciferase reporter assay of TCF/LEF-dependent transcription (TOP/FOP-FLASH reporter assay). Either Firefly luciferase pSuper8XTOPflash or pSuper8XFOPflash constructs (gifts from Dr. Moon R, University of Washington, USA), together with Renilla luciferase construct pRL-CMV (Promega, Madison, WI, USA) for normalization of transfection efficiency, were transfected using Lipofectamine® 2000. Luciferase activities were assayed using Dual-Luciferase® Reporter Assay System (Promega) according to manufacturer's protocol.
In vivo subcutaneous xenograft inoculation
The study protocol was approved by the Committee of the Use of Live Animals in Teaching and Research at the University of Hong Kong. Limited dilution assays were performed with Huh7 cells. They were resuspended in 100 μL PBS/Matrigel (1:1) and injected subcutaneously at both sides of posterior flanks of 4 to 6-week-old male non-obese diabetic (NOD)/SCID mice (NOD.CB17-Prkdc scid /J). The animals were sacrificed and tumor bulks were harvested. Tumor mass, tumor incidence and latency period were recorded. Primary tumors were mechanically dissociated and subjected to Liberase (Roche Diagnostics, Basel, Switzerland) digestion supplemented with DNase I (Roche Diagnostics). The enzyme suspensions were inactivated with DMEM/F12 medium containing 10% FBS. The dispersed cells were filtered with 100 μm followed by 70 μm cell strainers and pelleted. One thousand cells of each group were subcutaneously injected to secondary recipient mice as indicated previously. Tumors harvested from the secondary recipients were snapped frozen, lyophilized, and lysed in RIPA buffer for western blot analyses. Tumor initiating frequency was calculated using extreme limiting dilution analysis (http://bioinf.wehi.edu. au/software/elda/).
Co-immunoprecipitation (Co-IP) assays
Cripto-1 was transiently overexpressed in HEK293 cells using the Cripto-1-OE vector established. Empty vector (pcDNA3.1) was transfected as control. Cells were harvested at 48 h-post-transfection and lysed using RIPA buffer supplemented with protease inhibitor cocktail. Either Cripto-1 or FZD7 (16974-1AP, Proteintech Group Inc., Chicago, USA) antibodies or normal rabbit IgG (Santa Cruz Biotechnology) were incubated with cell lysates overnight with rotation at 4°C. The protein-antibody complexes were captured using Dynabeads® Protein G (Invitrogen). The immunoprecipitated protein complexes were washed, eluted and subjected to western blot analyses. The experiment was also performed using parental Huh7 cells.
Cycloheximide chase experiment
Either Hep3B empty-vector (EV) or Cripto-1 stableexpressing clone was treated with translational inhibitor cycloheximide (CHX, Sigma) at concentration of 50 μg/mL for indicated time. Target protein expression were quantified using ImageJ, which was normalized with respective β-actin levels. Protein level remaining upon CHX treatment was plotted relative to untreated control at 0 h.
The cancer genome atlas (TCGA) analysis and statistical analysis
Global gene expression profiles by whole-transcriptome sequencing (WTS) were obtained from the TCGA data portal. Data of 50 paired HCC and non-tumorous liver samples were retrieved for subsequent analyses, as previously described [56] . Differential gene expression analysis was performed using edgeR on the raw read counts of Cripto-1. It used negative binomial models to capture variance dispersion for WTS read count data, empirical Bayes estimation for gene-specific variation, and generalized linear models applicable to general experiments. Since raw read count values of Cripto-1, AXIN2, and NANOG were skewed, expression correlation analysis was based on transformed values, calculated as log10 (count + 1) for expression levels of both genes. Promoter methylation status and expression of Cripto-1 from 373 HCC samples were retrieved from the TCGA database. The correlation was analyzed by Pearson correlation. Statistical analysis for clinicopathological correlation was performed using SPSS 19 for Windows (SPSS, Inc., Chicago, IL). Fisher's exact test was used for categorical data. Survival analysis was performed by Kaplan-Meier method and the difference was compared by log-rank test. All experimental data were analyzed using t-test or Mann-Whitney's U-test wherever appropriate (SigmaPlot 10.0 and SigmaStat 3.1, Jandel Scientific, San Rafael, CA; or GraphPad Prism 5.0, La Jolla, CA, USA). p < 0.05 was considered as statistically significant.
